Introduction
A recently developed method to construct geological time scales involves the calibration of sedimentary cycles, or other cyclic variations in geological records, to computed time series of the quasi-periodic variations of the Earth's orbit. Following early tuning attempts for the late Pleistocene during the 1960's and early 1970's [4-61, the astronomical time scale is now well established for the last 6 million years This time scale deviates considerably from earlier time scales based on K/Ar dating, and has subsequently been confirmed by radioisotopic ages using the "OAr/ 39Ar (single crystal) laser fusion dating technique. The new time scale has been successfully applied in paleoclimatic studies [ 121 and in studies of seafloor spreading history [ 131. In addition, the age of fluence monitor standards in radioisotopic (Ar/Ar) dating has been calibrated independently of absolute isotopic abundance measurements by comparison of astronomical and "OAr/ 39Ar ages for seven polarity reversals over the last 3. 5 Myr [14] .
In this study, we aim at extending the astronomi- [8] carried out a preliminary and partial astronomical tuning of GRAPE (Gamma Ray Attenuation Porosity Evaluation) records of ODP Leg 138 sites for the interval between 6 and 10 Ma, while Krijgsman et al. [15] calculated an astronomical duration for a late Miocene polarity sequence on Crete by multiplying the number of sedimentary cycles with the average 2 1.7 kyr period of precession. The duration of the latter sequence is approximately 10% shorter than that of the correlative part in the geomagnetic polarity time scale (GPTS) of Cande and Kent [16] . Here, we calibrate the sedimentary cycles of the sections from Crete [ 151 and of older sections from Gavdos and Sicily [17] directly to astronomical target curves. This calibration provides astronomical ages for all sedimentary cycles and hence for the polarity reversals and biostratigraphic datum planes recorded in these Mediterranean sections.
The resulting time scale is then compared with recent polarity time scales of Cande and Kent ( [18] , CK9.5) and Shackleton et al. ([8] , SCHPS95), with radiometric caAr/ 39Ar) ages of volcanic beds, and with the number of sedimentary cycles in the younger, partly evaporitic, part of the Mediterranean Messinian.
Cyclostratigraphy of the sections
We have used four Mediterranean sections for the construction of our time scale, namely the Metochia section on Gavdos, the Gibliscemi section on Sicily and the Faneromeni and Kastelli sections on Crete (see fig. 1 in [17] for exact location). The magnetostratigraphy and biostratigraphy of the sections, and the correlation of the magnetostratigraphy to the GPTS of Cande and Kent ( [18] , CK95) have been discussed in detail by Krijgsman et al. ([17] , see also their fig. 71 ; they showed that the succession starts above chron C5n and continues into chron C3An, and ranges from 9.7 to 6.5 Ma according to CK95. The cyclostratigraphic details and the correlation of the sedimentary cycle patterns to the astronomical solutions are presented in the present paper.
All sections consist of open marine sediments that show cyclic alternations of either whitish-coloured carbonate-rich and grey-coloured carbonate-poor marls (Faneromeni, lower part), or of homogeneous marls and brownish-coloured beds termed sapropels. Sapropels (and the related grey beds) have been labeled in stratigraphical order per section. Their characteristic pattern allows the sections to be correlated in detail. These cyclostratigraphic ("bed-tobed") correlations are confirmed by the magnetostratigraphy and biostratigraphy (see also fig. 7 in [17] ). They reveal minor differences in the number and expression of the cycles, for instance the Gibliscemi section contains additional (thin) sapropels in intervals which correspond to thick homogeneous marly intervals on Gavdos (Fig. 1) . Sapropels in particular display characteristic cycle patterns. A prominent feature is the occurrence of sapropels in both small-scale clusters and large-scale clusters (Fig. 1) . Small-scale clusters typically contain 3 or 4 sapropels and are separated from adjacent (small-scale)
clusters by a thin, poorly developed sapropel and/or a homogeneous marl bed which is thicker -approximately two times -than a regular homogeneous marl bed. Large-scale clusters typically contain 3 or 4 small-scale clusters and are separated from adjacent clusters by thick homogeneous intervals which only occasionally contain additional thin sapropels. Large-scale clusters are given a roman numerical (see also Fig. 1 ). The grouping of sapropels into clusters is usually straightforward, but sometimes arbitrary; their stratigraphical range and characteristics are summarised below, where "G" refers to Gibliscemi, "M" to Metochia, "K" to Kastelli, and "F" to Faneromeni (informal labeling):
cluster I is incomplete; cluster II ranges from sapropel (of cycle) G7 to sapropel G18 (M14). No small-scale clusters could be distinguished; cluster III ranges from sapropel G20 to sapropel G40 (Ml6 to M36). The presence of the thinner and less distinct sapropels G23, G28 and G32 allows the recognition of three small-scale clusters at Gibliscemi;
cluster IV ranges from sapropel G41 to sapropel G51 (M37 to M47) and contains three distinct small-scale clusters. It is separated from cluster III by a thick marlbed overlying a poorly developed sapropel (G4O/M36);
cluster VI contains one typical small-scale cluster of 3 sapropels (G68-70, M58-60) and an atypical cluster which includes as many as 8 successive sapropels in the Gibliscemi and Metochia sections (G72-79, M61-68). At Gibliscemi, this atypical cluster contains an extra cycle (grey layer; G80) which is also recognised in the Kastelli section (K8).
cluster V ranges from sapropel G54 to sapropel G65 (M48 to M57) and similarly to cluster IV contains three small-scale clusters. At Gibliscemi, a Also at Gibliscemi, a thin sapropel (G71) is found thin sapropel (G57) is present between the lower and middle small-scale cluster which is not developed in between the two clusters which is absent in Metochia the Metochia section (between M50 and M51). Also the upper small-scale cluster in section Gibliscemi (between M60 and M61). In addition, two extra thin contains an additional sapropel (G65); sapropels are present in the thick homogeneous interval which separates clusters V and VI (G66 and G67). They constitute an additional small-scale cluster;
cluster VII represents an aberrant large-scale cluster. At Metochia, this cluster comprises 5 (thin) sapropels (M69-73) of which only the lowermost 3 are apparently grouped in a single small-scale cluster. But the homogeneous marl beds in between these three sapropels are twice as thick as the marl beds of cycles in the large-scale clusters VI and VIII. Hence, these cycles show a deviating pattern which is confirmed by the cycle patterns in the other sections (see Fig. 1 ). In contrast to Metochia and Kastelli, two extra thin sapropels (G81 and G82) are present in the thick homogeneous interval which separates clusters VII and VIII. They constitute an additional smallscale cluster; cluster VIII is separated from cluster IX by the thick homogeneous marl bed of cycle F32 in combination with the extremely poorly-developed sapropel (i.e., grey marl bed) of cycle F33. The relatively thick homogeneous marl beds of cycles F25 and F29 allows recognition of three small-scale clusters (containing 4, 4, and 3 sapropels, respectively) in the interval ranging from sapropel F22 to F32. These small-scale clusters cannot be distinguished in the Metochia section. An extra small-scale cluster can be recognised at Kastelli (K14-16);
cluster IX is incomplete; it includes at least two small-scale clusters which contain sapropels F34-36 and grey marl beds F37-39, respectively. sapropels G18-24 (M14-20) . This interval displays a characteristic pattern which is markedly similar in the Gibliscemi and Metochia sections (Fig. 1) . The homogeneous marl beds of cycles G18 (Ml 4) and G19 (M15) are twice as thick as the marl beds of the cycles below and above. Furthermore the marl bed of cycle G18 (Ml 4) is slightly thicker than that Sapropels further reveal patterns which cannot be regarded as clusters. These patterns -with sapropels of cycle G19 (M15). These two extraordinary thick being altematingly thick/thin or present/absent -are confined to specific intervals. The stratigraphic range cycles are followed by an interval in which the and characteristics of these intervals are summarized below (in stratigraphic order):
well-developed and thick sapropels G20, G22 and G24 (M16, Ml8 and M20) alternate with the thin and poorly-developed sapropels G21 and G23 (Ml7 and M19), where G23 (M19) is less distinct than G21 (M17); sapropels G49-51 (M45-47) and M58-60. These sapropels define small-scale clusters of 3 sapropels of which the middle sapropel is thinner and less prominent (Fig. 1) ; sapropels G83-86 (M69-71); carbonate cycles F2-6. These cycles belong to (large-scale) cluster VII. On Gavdos, the homogeneous marl beds in between sapropels M69-71 are twice as thick as the marl beds of regular cycles below and above (Fig.  1) . Hence, these cycles may represent composite ("double") cycles, i.e., cycles which contain an extra cycle that lacks sedimentary expression. This interpretation is confirmed by the sedimentary cycle patterns in the other sections. At Faneromeni, the grey beds of the correlative cycles F2, F4 and F6 are thicker (and contain thin sand layers) than the grey beds of adjacent cycles. At Kastelli (Fig. I) , one distinct (K9) and two less distinct sapropels (KlO and K12) are separated by a thick homogeneous marl bed (between K9 and KlO) and a poorly-developed grey bed (Kl 1). Finally, an alternation of thick (G84 and G86) and thin (G83 and G85) sapropels is found just below the shearplane which marks the hiatus in the Gibliscemi section (see also 1171); sapropels M74-78, F18-22 and K14-17 form a characteristic pattern which can be recognized all over Crete (Fig. 1 ). It consists of three well-developed and thick sapropels (M74, M76 and M78; F18, F20 and F22; and K14, K16 and K17) which alternate either with thin sapropels (M75 and M77) or with sedimentary cycles that lack a sapropel but contain a grey marl bed instead (F19 and F21; K15). Sapropels K16 and K17 are separated by a thick homogeneous marl bed.
Phase relations and astronomical solutions
The sedimentary cycle patterns described here are very similar to the patterns in the Mediterranean Plio-Pleistocene which are related to the Earth's orbital cycles of precession, eccentricity and obliquity [3, 9, 10, 19, 20] . This similarity argues for an analogous interpretation of the Miocene cycle patterns and it implies that individual sapropels are related to precession, while sapropel clusters are related to eccentricity. Deviating patterns -with sapropels being alternatingly thick/thin or present/absent -reflect interference between precession and obliquity. Similar to the Plio-Pleistocene, Miocene cycle patterns are dominantly controlled by eccentricity (sapropel clusters) and precession (individual sapropels). This astronomical interpretation of the Miocene patterns has independently been confirmed by Krijgsman et al. [ 151 who correlated polarity sequences of upper Miocene sections on Crete to CK92. This correlation yielded a periodicity (of 23.5 kyr) for individual sedimentary cycles which is close to the 21.7 kyr average periodicity of astronomical precession.
First results of detailed micropaleontological and geochemical studies further point to a single mechanism for sapropel formation throughout the Mediterranean Neogene 1211. We may thus safely assume that the Plio-Pleistocene phase relations between sedimentary cycles and astronomical cycles can be employed to calibrate the Miocene cycles to the astronomical record as well. As a consequence, individual sapropels of late Miocene age correspond to precession minima, small-scale sapropel clusters correspond to 100 kyr eccentricity maxima, large-scale clusters correspond to 400 kyr eccentricity maxima and "amplified" (thick) sapiopels correspond to obliquity maxima [3, 9] . For our calibration we have used the 65"N summer insolation curve of astronomical solution La90 [ 1,2] with present-day values for the dynamical ellipticity of the Earth and the tidal dissipation by the moon. We selected this target curve because it is in best agreement with sedimentary cycle patterns and orbitally controlled frequency components in climatic proxy records in the Mediterranean PliocenePleistocene (see [3] ). The reader is referred to the latter paper for a discussion on the selection of the La90 solution and the 65"N summer insolation curve (as target), and on the potential influence of obliquity on low latitudes.
Calibration to the astronomical record
The astronomical calibration of the sequence of Pliocene cycles in the Mediterranean [9, 10] cannot simply be extended to the sequence of Miocene cycles because of the intervening interval of Messinian evaporites and fresh-to brackish water deposits. Hence, the astronomical calibration of the Miocene cycles is not straightforward, and several procedures can be followed to solve this problem. One procedure is to use radioisotopic age constraints from high-precision "OAr/ 39Ar dating, e.g., that of chron C5n (y) at 9.67 Ma [22] or the Tortonian/Messinian boundary at 7.26 Ma [23] . We refrained from using this approach because we prefer to build an astronomical time scale that does not depend on radioisotopic dating. Another procedure would be to start from the astronomically dated Miocene/Pliocene boundary [lo] and use the num-
ber of assumedly astronomically controlled evaporite cycles in the Mediterranean Messinian, and thus to estimate the age of the top of our upper Miocene sequence. A third procedure would be to start from the age of the youngest polarity reversal identified in our sections according to the recent geomagnetic polarity time scales CK95 and SCHPS95. Both these time scales include astronomically derived ages for reversal boundaries in the Plio-Pleistocene.
We have used the last approach, but application of the other procedures would have resulted in the same astronomical calibration. We discuss this further in Section 5 (below) where we test the validity of the proposed astronomical calibration.
By using high-resolution GRAPE density and stable isotope records from ODP Leg 138 in the eastern tropical Pacific, Shackleton et al.
[8] obtained a preliminary astronomical age of 6.278 Ma for C3An.2n (y). This age is 9 kyr older than the age (6.269 Ma) for the same polarity reversal in CK95. We simply added this age difference to the age of 6.567 Ma for the next older reversal in CK95 (C3An.2n (0)) to obtain a first approximation -of 6.576 Ma -for the astronomical age of the youngest polarity reversal recorded in our sections ( We then proceeded by attempting to correlate first the sapropel clusters to eccentricity. No straightforward correlation is found, however, if we use the age of 6.576 Ma for C3An2n (0) as starting point. We then proceeded by slightly adjusting the age of this calibration point. The minimum adjustment necessary to establish a consistent correlation between sapropel clusters and eccentricity maxima is shifting the age + 100 kyr towards older levels. The resulting correlations of large-scale sapropel clusters to 400 kyr eccentricity maxima and of small-scale clusters to 100 kyr maxima are presented in Fig. 1 . The validity of these first-order and second-order correlations is supported by the position of the atypical large-scale clusters II and VII which lack a clear subdivision in small-scale clusters. These large-scale clusters correlate well with two 400-kyr eccentricity maxima at 7.4 and 9.5 Ma that lack the usually pronounced expression of the lOO-kyr cycle (Fig. 1) . Moreover, the large-scale clusters IV and V, which reveal the most distinct subdivision in small-scale clusters, correlate with 4OO-kyr eccentricity maxima, at 8.3 and 8. 7 Ma, that show the most pronounced expression of the lOO-kyr cycle (Fig. 1) . Such variations in the expression -or "amplitude" -of the lOO-kyr cycle reflect a longer-term eccentricity cycle with a period near 2 Myr. We then used the low-order correlations to establish (third-order) correlations between individual sapropels and precession minima and between individual sapropels and insolation maxima (Fig. 2) . All correlations shown in Fig. 1 and 2 are internally consistent and there is still a good to excellent agreement between sapropel patterns and interference patterns of precession and obliquity back to 9.7 Ma. Only the exact calibration of the sedimentary cycles of the atypical cluster VII remains uncertain. These cycles may actually correlate with precession minima -and the corresponding insolation maxima -that are 20 to 40 kyr younger (i.e., one to two precession cycles). This alternative option implies that the unusually thick cycles F13 and F17 do not represent composite ("double") cycles, i.e., cycles which contain an extra cycle that lacks sedimentary expression, but must be considered as regular ("single") cycles. Alternative calibrations would necessitate shifting i: the age of the sedimentary cycle record 400 kyr in 'either direction as is inherent in applying the 400 kyr eccentricity cycle for a first-order astronomical calibration. The most likely alternative calibration is by shifting the cycle record 400 kyr towards younger levels which would imply a 300 kyr (= 400 -100) adjustment of our initial age of 6.576 Ma for C3An.2n (0). We superficially explored this alternative calibration and a very limited number of other altematives. All these exercises resulted in correlations which are not convincing and less consistent than the correlations presented in Fig. 1 and 2 . Summarizing, Fig. 2 . Third-order correlations of the individual sedimentary cycles to precession minima and of altematingly thick/thin sapropels/cycles to interference patterns of precession and obliquity as reflected in the 65"N summer insolation curve of solution La90 with present-day values for the dynamical ellipticity of the Earth and tidal dissipation by the moon (La90,, ,, ,, see [3] ). we are convinced that the proposed astronomical calibration is essentially correct and that it is based on continuous sedimentary successions.
The calibration of the sedimentary cycle record to precession and summer insolation (Fig. 2) was used to establish an astronomical time scale for the late Miocene. It results in ages for the individual sedimentary cycles, and hence for all biostratigraphic datum planes and polarity reversals in our sections (see Appendices A and B). The age of the Tortonian/Messinian boundary placed at the level of the first regular occurrence of the Globorotufia conomiozea group is estimated at 7.24 Ma. Since the age of the Miocene/Pliocene boundary is 5.33 Ma [3] , the duration of the Messinian is 1.91 Myr. Note that the alternative option for the astronomical calibration of the sedimentary cycles in large-scale cluster VII (see above) results in slightly younger ages for all reversals and bioevents between 7.6 and 7.2 Ma. According to this option, the age of the T/M boundary is 7.21 Ma and the duration of the Messinian 1.88 Myr.
The exact accuracy of astronomical solutions and hence of our astronomical ages is difficult to determine [24, 25] also because other factors, i.e., the tidal dissipation by the moon and the dynamical ellipticity of the Earth, which are influenced by glacial cycles, start to play a role [2] . The analytical solution La90 is in excellent agreement with the numerical solution QTDBO [25] once the same term for the tidal dissipation is introduced. The latter solution is supposedly very accurate [25] , but was not computed for time intervals older than 3 million years. Also the excel- [7] and Hilgen [IO] for this time interval. In the present paper, the same astronomical solution and target curve is used as the one preferred by Lourens et al. [3] . lent agreement with sedimentary cycle patterns in the Mediterranean Pliocene suggests that the selected target curve -La90(,,,) summer insolation -is very accurate [3] . The error in the astronomical ages can roughly be estimated to be in the order of 5 kyr at 5.0 Ma. This error may well increase to lo-20 kyr around 10.0 Ma.
Our astronomical ages of the polarity reversals are invariably older than the ages in recent polarity time scales (Table 1 
Testing the validity of the astronomical calihration
In this chapter, we attempt to test the validity of the new time scale. Independent tests must either come from astronomical calibration of other, preferably extra-Mediterranean records or from high-precision radioisotopic dating. In addition, the number of sedimentary cycles in the remaining younger part of the Mediterranean Messinian may provide important constraints.
Radioisotopic age constraints
The time scale can be tested by comparing astronomical ages of polarity reversals or biostratigraphic datum planes with radioisotopic age constraints for the same events. Recent radioisotopic results include an age of 9.51 Ma for chron C4Ar.2n (0) [22] and an age of 7.07 Ma for the Tortonian/Messinian boundary [26] Baksi et al. [22] carried out "OAr/ 39Ar incremental heating studies on whole rock basalts of a number of lava flows from Akaroa Volcano, New Zealand. These lava flows span two successive field reversals. The lower normal to reversed (N-R) transition is assumed to represent the termination of chron C5. This boundary was previously dated at 8.9 Ma by Evans [28] who used the K/Ar method. The new results yielded a weighted mean plateau age of 9.67 + 0.05 Ma for this boundary, while the younger (R-N) reversal was dated at 9.51 f 0.05 Ma. The latter age is slightly younger than our astronomical age of 9.66 Ma for the same reversal. Although Berggren et al. 1291 point out that the lower transition at Akaroa can also be correlated with either chron C5n.lr/C5n.2n or chron C4Ar.2r/n boundary, any other option than the one preferred by Evans [28] and Baksi et al. [22] would increase the discrepancy with the astronomical age for C4Ar.2n (0).
Using K/Ar dating on biotite and a single Ar/Ar dating on plagioclase, Vai et al. [23] dated several volcanogenic beds intercalated in upper Tortonianlower Messinian marine sequences in the northern Apennines. They obtained an age of 7.26 Ma for the Tortonian/Messinian boundary through linear extrapolation of the sedimentation rate over a short distance. Recently, Vai and Laurenzi [26] provided a series of additional Ar/Ar datings of biotite-rich ash layers spanning the Tortonian/Messinian boundary in the Monte de1 Casino section. They arrived at a revised age of 7.07 f 0.05 Ma for the boundary which is younger than their previous estimate of 7.26 Ma and also younger than our astronomical age of 7.24 Ma.
A straightforward comparison between the radiometric and astronomical ages, however, should be viewed with caution because of the age uncertainty of fluence monitor standards in radioisotopic dating. For example, the age of the Fish Canyon Tuff (FCT), which provides one of the most widely used standards for age calibration in radioisotopic dating, varies between 27.55 and 27.95 Ma [14, 22, 30] . This age uncertainty results in a potential error of 1.5%. To eliminate this uncertainty, Renne et al. [ 141 compared Ar/Ar ages with astronomical ages for seven polarity reversals over the last 3.5 Myrs and they derived a best age estimate of 27.95 (or 28.03) Ma for the FCT sanidine.
Baksi et al. [22] used an age of 27.95 Ma for Fish Canyon Tuff biotite whereas Vai et al. [23] and Vai and Laurenzi [26] used 27.55 Ma. In Table 2 , we compared the Ar/Ar ages of both C4Ar.2n (0) and the Tortonian/Messinian boundary -recalculated to ages of 27.95 and 28.03 Ma for the Fish Canyon Tuff -with the astronomical ages. This comparison shows that the Ar/Ar ages are now in better agreement with the astronomical ages. In particular, they support our preferred astronomical calibration because they are totally inconsistent with ages that are 400 kyr younger (or older) than our astronomical ages. The age difference for the T/M boundary is further reduced considering that Vai and Laurenzi [26] equate the boundary with a level above the first regular occurrence (FRO) of the G. conomiozea group (i.e., the first occurrence level of G. conomiozea types), whereas we use the FRO level of the G. conomiozea group (see 1171). The use of the alternative option to astronomically calibrate the sed- For the Ciminna Basin, we included both the "lower selenite gysum" and the "laminated gypsum" of Bommarito and Catalano [32] in the Lower Evaporites. In that case, the transition from "lower selenite" to "laminated gypsum" would correspond with the transition from major (thicker) to minor (thinner) evaporite cycles in the Vena de1 Gesso Basin (see [34] ) and the major discontinuity in the evaporite sequences would invariably separate the Lower from the Upper Evaporites. In the Romagna-Marche basin, the Upper Evaporites do not exhibit the usual gypsum-bearing cycles but consist of a cyclic alternation of thin evaporitic limestone beds and marly clays of the Colombacci Formation. In the total number count of the sedimentary cycles, we preferred to use the 38 diatomite cycles from Gavdos because they are tectonically less disturbed than the diatomites in the Falconara section. Moreover, they are in stratigraphic continuity with our Metochia section, thus excluding discrepancies as a consequence of a diachronous base of the diatomites (e.g. [36] ). The large numbers of 6-9 and 4-13 cycles of the Calcare di Base in the Caltanissetta Basin as reported by Pedley and Grass0 [41] and Decima et al. 1421 have not been used because these cycles represent at least partly the lateral ( = marginal) equivalent of the lower evaporites and/or the top of the Tripoli diatom&s (see [43] Formation. Because no literature data are presently available on the number of cycles for all units, we included information from Gavdos and from basins other than the Caltanissetta Basin, in particular the Ciminna Basin on northern Sicily [32] and the Vena de1 Gesso and Romagna-Marche Basins in the northern Apennines [33-351. The number of sedimentary cycles has been summarised per stratigraphic unit and per basin in Table  3 . The consistent number of evaporite cycles in all basins suggests that disturbing effects of hiatuses on the continuity of the evaporite sequences is small. Also, the disturbing effect of lateral facies changes will be small because most of the cyclically bedded sequences have been logged in stratigraphic succession.
The best current estimate for the total number of sedimentary cycles in our composite evaporite sequence of the Mediterranean Messinian, including the pre-evaporitic diatomites, is 67 + 2. For the composite, we preferred to use the 38 diatomite cycles from Gavdos because they are tectonically less disturbed than the diatomites in the Falconara section. Moreover, they are in stratigraphic continuity with our Metochia section, thus excluding discrepancies as a consequence of a diachronous base of the diatomites (e.g., [36] Our framework differs from that of Vai [35] by the larger number of sedimentary cycles in the preevaporitic Messinian, and in that we held precession rather than obliquity responsible for the formation of cycles in the Upper Evaporites. Evidence for the precessional forcing of these cycles comes from Ar/Ar ages of 5.4 f 0.06 and 5.5 do 0.05 Ma for an ash layer intercalated directly below the first limestone ("Colombaccio") marker bed in the northern Apennines (Odin, 1995, as referred to by Vai [35] ). These ages are in good agreement with our age of 5.52 Ma for the base of the Upper Evaporites, but they are too young in case the Upper Evaporite cycles are obliquity controlled.
Another consequence of our framework is that the onset of evaporite formation is younger than 6.0 Ma and even postdates the Gilbert/Chron 5 boundary tentatively dated at 5.953 Ma (see Table 1 ). This outcome is in agreement with Gautier et al. [37] who, based on the magnetostratigraphy of the Sorbas section in Spain, placed the onset of evaporite formation in the early Gilbert as well. This onset now closely coincides with the most extreme glacial stages TG 20 and 22 in the high-resolution stable isotope records of ODP Site 846 from the equatorial Pacific [38] and Atlantic Morocco 1391 suggesting at least a partial glacio-eustatic control on the final isolation of the Mediterranean during the latest Miocene.
Conclusions
Marine sequences exposed in Mediteranean landbased sections allow the construction of an astronomical time scale for the late Miocene by correlating characteristic sedimentary cycle patterns to target curves of astronomical solution La90 with presentday values for the dynamical elliptic@ of the Earth and the tidal dissipation by the moon. This correlation yields ages for the individual sedimentary cycles, and for the polarity reversals and planktonic foraminiferal and dinoflagellate events recorded. The Tortonian/Messinian boundary is dated at 7.24 Ma (or 7.21 Ma).
Astronomical ages of the polarity reversals are older (up to 182 kyr) than the ages of the corresponding reversals in the most recent geomagnetic polarity time scales of CK95 and SCHPS95. Discrepancies with CK95 are largest for the youngest reversals dated (up to 166 kyr) and decrease gradually to values between 25 and 70 kyr for older reversals. Discrepancies with SCHPS95 indicate that our calibration is not in agreement with the preliminary and partial astronomical tuning of GRAPE records from ODP leg 138 for the interval between 6.0 and 10.0 Ma [8] .
The new time scale is consistent with recent "OAr/ 39Ar ages of volcanic beds and with the number of sedimentary cycles in the younger partly evaporitic part of the Mediterranean Messinian. 
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